It has been recently reported that graphene is able to significantly reduce the friction coefficient of steel-on-steel sliding contacts. The microscopic origin of this behavior has been attributed to the mechanical action of load carrying capacity. However, a recent work highlighted the importance of the chemical action of graphene. According to this work graphene reduces the adhesion of iron interfaces by reducing the surface energy thanks to a passivation effect. The aim of the present work is to clarify the still debated lubricating behavior of graphene flakes. We perform pin-on-disc experiments using liquid dispersed graphene solution as a lubricant. Two different materials, pure iron and bronze are tested against 100Cr6 steel. Raman spectroscopy is used to analyze the surfaces after the friction tests.
Introduction
The recent need for friction and wear control in mechanical high-technology applications has taken to the introduction of layered materials (MoS 2 , HBN, graphite) in coatings, addi-tives, liquid and solid lubricants [1] [2] [3] [4] [5] [6] [7] . As a further scientific and technological improvement the potential of graphene as a lubricant is currently under investigation. The reduction of friction obtained with the application of a layer of graphene is studied at different scales with different methods both theoretically [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and experimentally .
While the majority of the research at the nanoscale investigates the properties of graphene as a solid atomic-thick coating [22] [23] [24] [25] [26] [27] [28] [29] at the macroscale graphene is studied also as colloidal liquid lubricant [30] [31] [32] [33] [34] [35] [36] [37] . In few recent works, Berman et al. successfully used graphene to lubricate a steel-steel sliding contact [31, 32, 42, 43] . Graphene flakes dispersed in an alcohol solution were applied to a steel surface and tested by tribometer. In humid environment the reduction of friction was dramatic [42, 43] . While the steel on steel coefficient of friction is usually around 0.9 in the presence of graphene it dropped to about 0.2 [42] . In inert environment the same values for the friction coefficient were found together with a marked reduction of wear [42, 43] . The lifetime of the graphene layer and therefore of the lubricated regime decreased with the interface pressure [43] . The short lifetime of graphene layers at high loads has been observed in other works [20, 29] .
A theoretical work on the processes governing the tribology of metal-supported graphene was published in 2014 by Klemenz et al. [20] . They combined atomistic simulation of nanoindentation and AFM experiments on graphene covered Pt(111) surfaces. The reduction of friction coefficient achieved with the application of graphene was explained by the authors with the ability of graphene to increase the load carrying capacity of the surface [20] . However, when graphene gets damaged it loses its lubricating properties [20] .
Restuccia et al. instead propose that the lubricating behavior of graphene is due to its ability to passivate the steel surfaces [46] . They show that the carbon dangling bonds of graphene chemically adsorbs on native iron surfaces produced during sliding screening the metal-metal interaction. Due to this behavior the atomic-thick carbon layer is able to reduce the interfacial adhesion and shear strength [46] . Therefore while the work of Klemenz et al. takes into account mechanical lubrication [20] , the one of Restuccia et al. involves tribochemical lubrication [46] .
With this paper we add a new piece of information for understanding the lubricating properties of graphene by analyzing the role played by the surface chemistry from an experimental point of view. We perform ball-on-disc friction tests on pure iron and on bronze using a solution of graphene flakes in ethanol. Performing Raman analysis on the samples (discs and balls) before and after the tests we analyze the status of the graphene flakes and identify their main function. It must be said that the case described by Klemenz et al. is different from the one analyzed here. They studied epitaxially grown graphene without any defects while we study the behavior of deposited graphene flakes.
Materials and methods
The tribological tests are performed by means of a commercial tribometer CETR UMT-3 in ball-on-disc configuration similarly to previous studies on liquid dispersed solution of graphene [31, 32, 37, 42, 43] . The ball used for all tests is 4 mm in diameter made out of steel 100Cr6.
The tested samples are made of iron (99.98% pure) and bronze (98% Cu and 2% Sn).
The discs are all polished in order to obtain a 30 nm surface average roughness R a .
Tests are performed maintaining a tangential sliding velocity of 100 mm/s (at a radius of 10 mm) and the applied load is 1 N. This load produces a nominal average pressure of about 0.4 GPa (Hertzian pressure). All tests are made at room temperature with a RH humidity of about 50%. indicates that the amount of crystalline defects, edges or oxidation is rather strong for such commercial flakes, and probably fluctuating among different batches (see the qualitativelydifferent spectrum in Fig. 1b of [42] , for the very same graphene solution). The spectrum also confirms that the flakes are not single layer but more probably made of two or three layers. This is compatible with previous studies [37, 47] . Yvon] inside and outside the wear-tracks before and after the tests.
Experimental results
An example of friction results is reported in Fig. 2a . The graph shows a comparison between tests performed in "dry" conditions, a test performed adding drops of graphene solution and a test performed adding drops of pure ethanol. Drops are added in both cases every two minutes in the amount of three at the first step, three at second, two at the third and one at the fourth step. In dry conditions the friction coefficient after the running-in becomes stable around a value of about 0.46. The test performed adding graphene show a completely different behavior. The COF starts at a value of 0.05 and during the running-in phase rises to 0.32. This is due to the presence of the graphene layer produced before the test. After three minutes the first three drops are applied and the COF goes down to 0.15.
Although with some oscillations the COF does not move from this value for the rest of the test and drop steps. Using ethanol drops (blue line Fig. 2a ) the behavior is different. The friction reduction after applying few drops of ethanol is evident, but the coefficient rises as soon as the ethanol evaporates. When just one drop is poured (last step) the evaporation time is quite short and the lubrication process lasts for few cycles only.
In In Fig. 3b the Raman spectrum from the ball shows that on the sphere in the contact area there is actually no graphene. D and G peaks are barely visible and the 2D peak is not visible at all, as it happens in amorphous carbon [39] . So on the ball there is just a transfer of carbon residues from the grinding of graphene during sliding.
The ball-on-disc tests are repeated on a bronze disc. The same set-up described above is used. The results are reported in Fig. 4a . The ethanol on bronze gives almost none lubrication. We observe a drop in the friction coefficient but the intensity and duration of 
Discussion
The results reported above give us a quite clear picture of the behavior of the graphene flakes. Starting from Fig. 3 , the presence of graphene in the wear track verified by the This difference is ascribable to the quality of graphene. The flakes used for this experiment are highly defected and partially oxidized while the graphene used by Berman et al. is of a much higher quality. This statement is confirmed by the comparison of the Raman spectrum reported in Fig. 1c and the one reported by Berman [43] .
The presence of completely uncovered areas in the wear track on which the Raman spectrum shows only the iron oxide peak, reveals that the coverage is not complete. Furthermore the Raman spectrum of the graphene flakes presents a D peak that is double the size of the G one. This is due to a presence of defects. Finally the Raman spectrum of the sphere does not show any presence of graphene. This last result is a bit surprising. We would indeed expect graphene to cover both surfaces. which preserve its main feature on copper, while it is strongly perturbed on iron [48, 49] .
Graphene does not cover the entire surface but work as an oil additive. During sliding of the steel sphere against the discs (both bronze and Fe) some wear occurs. In the case of pure iron the majority of the wear is located on the surface of the disc. Fe is softer than steel and the superficial iron oxide layer is continuously worn out.
This process uncovers native Fe surfaces, which are chemically very active. As explained by Restuccia et al. [46] the graphene flakes dispersed in the solution stick to this spots reducing the surface energy and therefore the friction coefficient. This behavior explains the reduction of friction and the instability of the friction coefficient. Indeed, the coating is not complete and once the ethanol is completely evaporated the flakes cannot move anymore.
Therefore the sphere asperities encounter areas with low friction due to the presence of graphene covering Fe and areas at higher friction with uncovered Fe bonds or iron oxide.
The fact that the Raman spectra obtained from these tests show very damaged graphene could be due both by the presence of an oxide layer on iron that induces oxidation also in graphene during sliding and by the defects originating from the high pressure at the asperity-asperity contacts.
On the bronze sample the flakes do not stick to the wear track. Raman spectrum only
shows the presence of some amorphous carbon due to the presence of carbon material (coming from graphene, the environment, and ethanol). On the other hand the 100Cr6 steel sphere is well covered by graphene. The flakes bind to the Fe bonds on the ball surface (100Cr6 is about 97% iron). The better stability and duration of the low friction regime obtained on bronze compared to steel is probably due to the higher "graphene flakes concentration/Fe active bonds" ratio. The graphene coverage is higher and therefore the surface energy is lower. This result is in good agreement with the outcome of the analysis on the effects of graphene coverage performed in Ref. 46 by means of first principles calculations.
As a further proof of this behavior, an analysis of some of the wear tracks (reported in Supplementary materials) shows that the wear reduction induced by the graphene lubrication in bronze tests is higher than that observed in tests performed on iron.
Conclusions
We performed tribological experiments and spectroscopic analysis to shed light into the chemical mechanisms underlying lubricating effect of graphene. An ethanol solution containing graphene flakes was used to lubricate a steel-iron and a steel-bronze interface in ball-on-disc friction tests. The reduction of friction coefficient due to graphene was compared to the one obtained with the use of pure ethanol and to the "dry" condition. A reduction of friction ascribable to graphene was measured both in terms of absolute value and in terms of duration compared to the pure ethanol.
The Raman spectroscopy performed on the disc surfaces and on the contact area of the balls showed that graphene flakes binds to iron rather than other materials. Indeed in the steel-iron sliding contact graphene was found on the Fe surface while in the steel-bronze system graphene bound to the active region of native iron which were produced on the steel ball by rubbing. We were therefore able to show that the lubrication due to the graphene flakes is related to the chemical passivation of iron by graphene.
The difference between the friction coefficients obtained on pure iron and on bronze were attributed to the different coverage of the surfaces. In the case of steel ball sliding on bronze the small contact area of the sphere is quickly covered by graphene flakes inducing a more stable and durable lubricating effect.
